The locus coeruleus noradrenergic (LC-NE) system is one of the first systems engaged following a stressful event. While numerous groups have demonstrated that LC-NE neurons are activated by many different stressors, the underlying neural circuitry and the role of this activity in generating stress-induced anxiety has not been elucidated. Using a combination of in vivo chemogenetics, optogenetics, and retrograde tracing, we determine that increased tonic activity of the LC-NE system is necessary and sufficient for stress-induced anxiety and aversion. Selective inhibition of LC-NE neurons during stress prevents subsequent anxiety-like behavior. Exogenously increasing tonic, but not phasic, activity of LC-NE neurons is alone sufficient for anxiety-like and aversive behavior. Furthermore, endogenous corticotropinreleasing hormone + (CRH + ) LC inputs from the amygdala increase tonic LC activity, inducing anxiety-like behaviors. These studies position the LC-NE system as a critical mediator of acute stress-induced anxiety and offer a potential intervention for preventing stress-related affective disorders.
INTRODUCTION
Acute stress-induced anxiety helps maintain the arousal and vigilance required to sustain attention, accomplish necessary tasks, and avoid repeated exposures to dangerous conditions. Recent basic neuroscience has elucidated circuits throughout the limbic system that are either natively anxiogenic or anxiolytic, building a circuit-based pathology that may yield more selective therapeutic approaches (Felix-Ortiz et al., 2013; Jennings et al., 2013; Kheirbek et al., 2013; Kim et al., 2013a; Tye et al., 2011) . However, these limbic structures do not exclusively control anxiogenesis, as elegant recent work reveals parallel systems for anxiety in the septohypothalamic circuitry related to persistent, stress-induced anxiety Heydendael et al., 2014) . Additionally, the majority of these studies propose mechanisms mediated by the fast-acting, small molecule neurotransmitters GABA and glutamate. However, clinically, we know that neuromodulators, such as norepinephrine and various neuropeptides, play pivotal roles in long-term outcomes following stress exposure (Raskind et al., 2013) . Here we propose a separate neuromodulatory system underlying immediate, acute stress-induced anxiety.
The locus coeruleus-noradrenergic (LC-NE) system is a small, tightly packed pontine brain region that sends numerous projections to the forebrain and spinal cord. The LC is involved in a broad number of physiological functions, including arousal, memory, cognition, pain processing, behavioral flexibility, and stress reactivity (Berridge and Waterhouse, 2003; Carter et al., 2010; Hickey et al., 2014; Snyder et al., 2012; Tervo et al., 2014; Valentino and Van Bockstaele, 2008; Vazey and AstonJones, 2014) . The LC system is a major component of the centrally mediated fight-or-flight response with numerous environmental stressors, including social and predator stress, activating the LC-NE system (Bingham et al., 2011; Cassens et al., 1981; Curtis et al., 1997 Curtis et al., , 2012 Francis et al., 1999; Reyes et al., 2008; Valentino and Van Bockstaele, 2008; Valentino et al., 1991) . The response of the LC-NE system to stress is particularly important in the context of stress-induced human neuropsychiatric disorders, such as posttraumatic stress disorder (PTSD) (Olson et al., 2011; Raskind et al., 2013) .
Histologically and electrophysiologically identified NE neurons within the LC-NE system of both lightly anesthetized and freely moving rodents, felines, and primates exhibit three distinct activation profiles as follows: (1) low tonic, (2) high tonic, and (3) phasic activity. It has been proposed that these neurons fire differently to determine behavioral flexibility to various environmental challenges. Low-tonic LC discharge (1-2 Hz) is consistent with an awake state (Aston-Jones and Bloom, 1981a; Carter et al., 2010 Carter et al., , 2012 , whereas phasic burst activity results from distinct sensory stimuli, such as flashes of light, auditory tones, and brief touch (Aston-Jones and Bloom, 1981b; Foote et al., 1980) . Stressful events and stimuli shift LC activity toward a high-tonic mode of firing (3) (4) (5) (6) (7) (8) , and stress-related neuropeptide release, such as corticotropin-releasing hormone (CRH), is (B and C) Stressed animals spend significantly less time exploring the center of the OFT than non-stressed controls (B) with no change in locomotor activity (C) (data are presented as mean ± SEM, n = 7-8/group; Student's t test, p < 0.001).
(D and E) Representative immunohistochemistry (IHC) (D) and quantification (E) show restraint stress increases c-fos immunoreactivity (IR) in LC neurons (red, c-fos; green, tyrosine hydroxylase; arrows, example co-localization). Scale bars, 100 mm; data are presented as mean ± SEM; n = 3 slices from three animals/ group; Student's t test, p < 0.0001). See locomotor activity data in Figure S1 . (F) Cartoon shows viral strategy with high-power confocal image of post-CNO-internalized mCherry expression in LC-NE neurons. Scale bar, 10 mm.
(G and H) Representative IHC (G) and quantification (H) show hM4Di inhibition of LC neurons decreases c-fos IR in LC neurons (red, c-fos; green, tyrosine hydroxylase). Scale bars, 100 mm; data are presented as mean ± SEM; n = 3 slices from three animals/group; one-Way ANOVA, thought to drive the high-tonic state while simultaneously decreasing phasic firing events (Curtis et al., 1997 (Curtis et al., , 2012 Jedema and Grace, 2004; Page and Abercrombie, 1999; Reyes et al., 2008; Snyder et al., 2012; Valentino and Foote, 1988) . Anatomical data support this notion using tract-tracing studies and electron microscopy to suggest that CRH-containing amygdalar monosynaptic projections from the central nucleus of the amygdala (CeA) terminate in the LC (Reyes et al., 2008) . Given the importance of CRH in stress-induced behavioral responses, such as dysphoria, anxiety, and aversion (Bruchas et al., 2009; Francis et al., 1999; Gafford et al., 2012; Heinrichs et al., 1994; Koob, 1999; Land et al., 2008) , these projections are situated to significantly impact LC neuronal activity. However, the functional consequences of these inputs remain unresolved. We examined the role of this high-tonic activity of LC-NE neurons during stress and defined the endogenous substrates that drive this increased LC-NE activity.
Here we dissect the LC circuitry in the context of stressinduced negative affective behavior. In particular, we use chemogenetics and optogenetics to focus on the role of neural activity of LC-NE neurons in generating these behaviors. We find that LC-NE neurons have increased activity during stress and that blocking this elevated activity suppresses acute stress-induced anxiety. Furthermore, optogenetic activation and release of endogenous amygdalar CRH into the LC promotes anxiety-like and aversive behavior. We report that the LC and its afferent circuitry are critical for encoding and producing stress-induced anxiety.
RESULTS

Selective Inhibition of LC-NE Neurons during Stress Suppresses Subsequent Anxiety
Numerous groups have reported that tonic activity of LC-NE neurons increases in response to stress (Bingham et al., 2011; Cassens et al., 1981; Curtis et al., 1997 Curtis et al., , 2012 Francis et al., 1999; Reyes et al., 2008; Valentino and Van Bockstaele, 2008; Valentino et al., 1991) . Others have demonstrated that nonselective pharmacological inactivation or lesions to the LC lessen morphine withdrawal symptoms, prevent footshockevoked c-fos expression throughout the brain, and disrupt both unconditioned and conditioned aversive responses (Mirzaii-Dizgah et al., 2008; Neophytou et al., 2001; Passerin et al., 2000) , but it has previously been untenable to selectively inhibit the activity of only these NE neurons and assess their role in stress-induced behaviors. To examine the role of LC-NE neurons in stress-induced anxiety-like behavior, we implemented a restraint stress paradigm, immediately followed by anxiety testing in the open field test (OFT) ( Figure 1A ). Following 30 min of restraint stress, wild-type (C57BL/6J) mice produce a robust stress-induced anxiety phenotype and have increased immediate early gene (cfos) expression, consistent with increased activity of LC-NE neurons (Figures 1B-1E ; Figure S1A ). To determine whether this increase in activity is necessary for the resultant anxiety-like behavior, we selectively targeted the inhibitory designer receptor exclusively activated by designer drug (Ga icoupled; hM4Di DREADD) (Armbruster et al., 2007) to LC-NE neurons by injecting a Cre-dependent AAV into the LC of tyrosine hydroxylase-IRES-Cre mice (Th-Cre) ( Figure 1F ). When the receptor is activated by its ligand, Clozapine-n-oxide (CNO) at a dose previously demonstrated to alter LC activity in rodents (10 mg/kg) (Vazey and Aston-Jones, 2014) prior to stress, there is a significant decrease in stress-induced c-fos + in LC-NE neurons, indicating the selective hM4Di DREADD approach is effective at reducing LC-NE activity (Figures 1G and 1H ; Figure S1B ) during stress.
Next, we used this hM4Di DREADD approach to test whether inhibition of LC-NE neurons during restraint stress can prevent subsequent stress-induced anxiety in the OFT ( Figure 1I ). Stressed control animals not expressing the Cre-dependent hM4Di (Th-Cre LC:hM4DiÀ ) showed significant stress-induced anxiety-like behavior compared to unstressed animals regardless of hM4Di expression (Th-Cre LC:hM4DiÀ and Th-Cre LC:hM4Di+ ), seen in both time spent in the center and entries into the center of the OFT ( Figure 1J ; Figure S1C Figure 1J ; Figure S1C ). Interestingly, hM4Di DREADD-mediated inhibition of LC-NE neurons prior to stress did not alter stress-induced fecal output, suggesting that inhibition of LC-NE neurons suppresses acute stressinduced behavioral anxiety, but leaves other physiological responses intact ( Figure 1K ; Bruchas et al., 2009; Konturek et al., 2011) . Importantly, the hM4Di manipulation had no effect on baseline anxiety levels and none of the manipulations affected locomotor activity ( Figures 1L and 1M ). These findings suggest that intact LC-NE activity is needed during and after the stress experience to produce an acute stress-induced anxiety state.
Optogenetic Entrainment of High-Tonic LC-NE Activity LC-NE neurons are reported to respond vigorously to stress with a robust increase in tonic firing rate (Valentino and Van Bockstaele, 2008) . While this physiological response has been observed by many groups, the precise behavioral output of this increase has been previously inaccessible. We selectively targeted channelrhodopsin-2 (ChR2(H134)-eYFP) to LC-NE neurons of Th-Cre mice (Th-Cre LC:ChR2 ) and observed restricted eYFP labeling to the membranes of NE neurons of the LC (Figures 2A-2C ). Slice recordings show that this targeting is sufficient to generate a photocurrent and action potentials in response to 470 nm light ( Figures 2D and 2E ). To determine whether this strategy could be used to exogenously elevate the tonic firing of LC-NE neurons in a sustained fashion, we (K) Inhibition of LC-NE neurons has no effect on stress-induced bowel motility. Data are presented as mean ± SEM; n = 8- Figure 2F ). Furthermore, in vivo extracellular recordings using a fiber optic-coupled multielectrode array showed that 5 Hz photostimulation produced responses similar to those evoked by stress (Bingham et al., 2011; Curtis et al., 2012; Figures 2G and 2H) . Interestingly, putative LC neurons that did not appear to be directly photosensitive (>10-ms spike latency) still increased firing over time, perhaps due to the well-known, tightly coupled nature of neurons in this structure (Alvarez et al., 2002 ; Figure 2I ). Furthermore, indirect responses of these neurons to photostimulation is highly correlated (r = 0.89, p < 0.0001) to their baseline firing, suggesting that some LC neurons are potentially more intrinsically excited by broader LC activity ( Figure 2J ). These findings indicate that optogenetic manipulation of LC-NE neurons can be used to sustain tonic firing of LC-NE neurons that mimics their response to stress.
Increased LC-NE Tonic Neuronal Firing Is Acutely Anxiogenic Using the same optogenetic strategy, we examined whether selectively increasing LC-NE tonic firing without a stressor is sufficient to mimic acute stress-induced anxiety-like behaviors. We photostimulated (5 Hz, 10-ms pulse width, 473 nm) LC-NE neurons for the same duration as the restraint stress paradigm and then placed the animals in the OFT (Figures 3A and 3B ; Anthony et al., 2014) . In this paradigm, Th-Cre LC:ChR2 mice spent significantly less time exploring the center area than Cre À controls (Figure 3C ), indicating that exogenously increasing LC-NE firing rate can create a persistent anxiety state and reduced locomotor behavior once the stimulation is removed ( Figure 3D ; Figure S2A) . To assess whether the photostimulation itself can acutely drive anxiety-like behavior, we tested new animals with photostimulation during two assays of anxiety-like behavior, OFT and elevated zero maze (EZM) ( Figure 3E ). In the OFT, photostimulated Th-Cre LC:ChR2 mice spent significantly less time exploring the center area than did fluorophore-expressing controls (Th-Cre LC:eYFP ) (Figures 3F and 3G; Figures S2C and S2D) .
Importantly, concurrent 5 Hz photostimulation did not affect total locomotor activity ( Figure 3G ; Figure S2B ), suggesting 5 Hz LC-NE tonic activity selectively drives anxiety-like behavior.
To determine what downstream receptor systems might be involved in the anxiety-like behavior induced by high-tonic LC-NE activity, we repeated the concurrent photostimulation experiments using the EZM with selective systemic antagonism of either b-adrenergic receptors or a 1 -adrenergic receptors. At 30 min prior to behavioral testing, we pre-treated animals with either the non-selective b-adrenergic receptor antagonist propranolol HCl (10 mg/kg, intraperitoneally [i.p.]), the a 1 -adrenergic antagonist prazosin HCl (1 mg/kg, i.p.), or a vehicle control (Figure 3I) . We next photostimulated (5 Hz, 10-ms pulse width, 473 nm) LC-NE neurons during access to EZM (Figures 3J and 3K). As we saw in Figures 3F Figures 3J and 3K ). Th-Cre LC:ChR2+ animals that were pretreated with propranolol were not significantly different from controls, indicating that systemic b-adrenergic antagonism reversed the effect of LC-NE photostimulation ( Figure 3K ). Importantly, this was not the case in the animals treated with prazosin (Figure 3K) . The blockade of a 1 -adrenergic receptors in ThCre LC:ChR2+ animals still showed an anxiogenic-like behavioral state following photostimulation ( Figure S2E ). These experiments demonstrate that increasing the tonic firing rate of LC-NE neurons in the absence of a physical stressor is sufficient to produce robust anxiety-like behavior, requires NE activity, and is likely meditated by b-adrenergic receptor activity.
LC-NE Tonic Activity Drives a Frequency-Dependent Real-Time Aversion
Following the observation that increased tonic activity of LC-NE neurons alone is capable of driving anxiety-like behaviors, we next sought to determine whether this activity produced aversion. Following slice electrophysiology experiments that demonstrated dynamic control of LC-NE firing at increasing frequencies while maintaining spike fidelity ( Figure 4A ), we next sought to determine acute behavioral valence in Th-Cre LC:ChR2 and ThCre LC:eYFP mice at a range of photostimulation frequencies. To assess the positive or negative valence of the photostimulation, we employed a real-time place-testing (RTPT) assay that triggers photostimulation upon the animal's entry into a chamber void of salient contextual stimuli ( Figure 4B ). This assay assesses native behavioral preference to photostimulation; regimes with a negative valence will cause an aversion from and those with a positive valence will drive a preference for the chamber paired with photostimulation (Kim et al., 2013a; Siuda et al., 2015; Stamatakis and Stuber, 2012; Tan et al., 2012) . Without photostimulation and at low tonic firing rates similar to alert, awake LC activity (1 and 2 Hz) (Aston-Jones and Bloom, 1981a; Carter et al., 2010 Carter et al., , 2012 , there was no observable shift in chamber preference compared to baseline or Th-Cre LC:eYFP control animals ( Figure 4C ). However, when we increased the frequency of photostimulation to induce a higher tonic firing rate of LC-NE neurons (5 and 10 Hz), we observed a significant frequencydependent shift away from the photostimulation-paired chamber ( Figure 4C ). These data suggest that acutely increasing tonic firing of LC-NE neurons elicits a negative valence that is capable of biasing behavior to avoid the increased neuronal activity. As we found in the anxiety-like behavioral assays, there was no change in locomotor activity during any of the frequencies tested (Figures 4D and 4E; Figures S3A and S3B) . To determine whether this negative valence was specifically due to increased tonic activity, we implemented the same RTPT assay using two different phasic photostimulation regimes (3 or 10 [10-ms] pulses at 10 Hz upon entry and every 30 s the mouse remained in the chamber).
In the phasic photostimulation paradigm, we did not observe any negative or positive valence associated with either phasic regime ( Figure 4F ; Figures S3C and S3D ). This finding is in line with evidence that suggests phasic responses of LC-NE neurons are elicited by salient stimuli rather than stressful events (AstonJones and Bloom, 1981b; Sara and Bouret, 2012) . We next determined whether the same systemic antagonism of b-adrenergic receptors that prevented anxiety-like behavior also could prevent the acute negative behavioral valence seen in RTPT. We therefore repeated the experiment at 5 Hz with systemic treatments. Vehicle-treated Th-Cre LC:ChR2+ animals displayed an aversion to the photostimulation-paired chamber compared to Th-Cre LC:ChR2À controls ( Figure 4G) . Surprisingly, pre-treatment with propranolol did not block the aversion (Figure 4G) . In contrast to our anxiety results, we found that pretreatment with prazosin blocked the real-time place aversion ( Figure 4G ). Together, these data suggest that the negative affective behaviors elicited by elevating LC-NE tonic activity are pharmacologically separable.
While the RTPT assay provides clear evidence that increased tonic, but not phasic, activity of LC-NE neurons is acutely aversive, it does not provide information as to whether this activity is encoded and can be later retrieved to inform future behavior. A natural response to a stressful experience would be to avoid the context in which the stress occurred. To test whether increased tonic LC-NE activity produces a learned change in behavior, we employed a Pavlovian conditioned place aversion (CPA) assay (Bruchas et al., 2009; Al-Hasani et al., 2013; Land et al., 2008) . In this assay, Th-Cre LC:ChR2 and Th-Cre LC:eYFP animals are exposed to two distinct visual contexts that have no initial bias. During conditioning, animals do not receive optical stimulation in one context and receive high tonic stimulation (5 Hz, 10-ms pulse widths) in the other context ( Figure 4H ). When allowed to freely explore both chambers following conditioning, Th-Cre LC:ChR2 animals spent significantly less time in the chamber that was paired with high tonic photostimulation ( Figure 4I ). In contrast, Th-Cre LC:eYFP controls did not show a change in behavior from their initial exploration and neither group showed altered locomotor activity (Figures 4J and 4K; Figure S3E) . These results suggest that the negative valence and anxiety-like behaviors previously observed during high tonic photostimulation of LC-NE neurons are capable of being learned and influencing future behavior.
Photostimulation of Galanin-Containing LC-NE Neurons Is Also Sufficient to Elicit Aversion
In addition to the catalytic enzymes necessary for catecholamine production, a majority of LC-NE neurons also produce the neuropeptide galanin (Holets et al., 1988; Melander et al., 1986) . Therefore, to further corroborate the results we observed using Th-Cre mice, we used mice expressing Cre recombinase under the promoter for galanin (Gal-Cre) (Gong et al., 2003; Wu et al., 2014) . To validate loci of galanin expression, we crossed these mice to a Cre-conditional tdTomato reporter line developed by the Allen Institute for Brain Science (Ai9) (Madisen et al., 2010) . As predicted, we saw dense, local expression in the LC as well as the hypothalamus and brainstem ( Figures 5A and 5B ). We also observed some tdTomato + cells in regions that do not have mRNA for galanin in the adult mouse (cortex, hippocampus, thalamus, and amygdalar structures) (Lein et al., 2007) . In each of these regions, we identified transient mRNA expression throughout development ( Figure S4 ). This Cre driver remains, however, a viable tool for selective targeting of the LC ( Figure 5C ), as seen when we selectively targeted ChR2(H134)-eYFP to LC-NE neurons of Gal-Cre mice (Gal-Cre LC:ChR2 ) and there was restricted eYFP labeling to the membranes of NE neurons of the LC ( Figure 5D ; Figure S5 ). We found that eFYP expression was selective for LC-NE neurons (100% of eYFP-expressing LC neurons were positive for the NE marker dopamine beta hydroxylase [DBH + ]). However, we found that only 61.48% of LC-NE neurons expressed ChR2(H134)-eYFP in the Gal-Cre line-significantly fewer than those in the Th-Cre line ( Figure 5E ; Figure S5 ).
To test whether tonic photostimulation of this subpopulation of galanin-containing, LC-NE neurons also produces aversion, GalCre LC:ChR2 animals were tested in RTPT with and without photostimulation at 5 Hz. We found that increased tonic LC-NE stimulation in Gal-Cre LC:ChR2 animals produced significant avoidance behavior, consistent with the behavior we observed under the same conditions in the Th-Cre LC-ChR2 mice ( Figures  5F and 5G) . These experiments corroborate our findings that high tonic stimulation of LC-NE neurons drives an aversive behavioral response, and they suggest that increased activity of the entire population of LC neurons may not be necessary to elicit aversive behavior.
CRH + Neurons from the Central Amygdala Send Dense
Projections to the LC Following observations that exogenously increasing tonic firing of LC-NE neurons is sufficient to drive anxiety-like and aversion behaviors in the absence of stress, we sought to determine the endogenous substrate for increased firing. Previously, CRH has been suggested as a potential mechanism for stress-induced increases in LC activity (Curtis et al., 1997 (Curtis et al., , 2012 Jedema and Grace, 2004; Page and Abercrombie, 1999; Reyes et al., 2008; Snyder et al., 2012; Valentino and Foote, 1988) . Consistent with these studies, we found that systemic antagonism (antalarmin HCl, 10 mg/kg, i.p.) of endogenous CRH action on CRHR1 receptors is sufficient to prevent stress-induced anxiety (Figures 6A-6D ; Gafford et al., 2012; Heinrichs et al., 1994; Bruchas et al., 2009 ). We next determined whether the action of CRH locally within the LC is responsible for CRH-dependent anxiety-like behavior. To do so, we utilized two retrograde-tracing approaches to examine potential sources of CRH input into the LC. First, we injected the tracer Fluorogold into the LC of C57Bl/6 mice ( Figure 6E ). This non-selective retrograde-tracing approach revealed known inputs into the LC from the cortex, hypothalamus, and central amygdala-a source of extrahypothalamic CRH (Bouret et al., 2003; Dimitrov et al., 2013; Reyes et al., 2008 ; Figure 6F ; Figure S6 ). We next used a dual-injection strategy to anatomically isolate LC-projecting, CRH + neurons. To do so, we used mice expressing Cre under the promoter for CRH (Crh-Cre) mice (Taniguchi et al., 2011) . We simultaneously injected a red-labeled retrograde tracer, Cholera Toxin Subunit B (CTB-594) (Conte et al., 2009) , to the LC and the green-labeled AAV5-DIO-Ef1a-ChR2(H134)-eYFP to the CeA of these mice (Crh-Cre CeA:ChR2 ; Figure 6G ). Here we visualized Crh + neurons in the CeA projection to the LC by observing significant colocalization of both fluorophores in single CeA neurons, indicating that these neurons project to the LC (Figures 6H and 6I) .
Finally, to examine CRH + terminal innervation of the LC, we only injected the Cre-dependent reporter AAV5-DIO-Ef1a-eYFP in the CeA of Crh-Cre mice ( Figure 6J ). We clearly observed projections from the CeA to the LC in both transverse and coronal sections (Figures 6K-6M ; Figures S6F and S6G; Movie S1). These data identify a discrete projection of Crh + neurons from the CeA to the LC that could act to provide CRH-induced increases in tonic LC activity.
Photoactivation of CRH + Terminals in the LC Causes Increased Tonic Firing of LC Neurons
We next determined the effects of stimulating the CRH terminals locally within the LC. In Crh-Cre CeA-LC:ChR2 mice, we recorded LC activity before, during, and after photostimulation ( Figure 7A ). The CeA has been reported to spontaneously fire from 2 to 20 Hz Veinante and Freund-Mercier, 1998 ), so we used a 10 Hz photostimulation paradigm to maintain a physiologically relevant frequency. In recordings of 35 putative LC neurons from five different animals, we found a heterogeneous population of responses, including increased firing in a significant proportion of cells (42.8% of observed putative LC units) (Figures 7B-7F ; Figure S7A ). While the overall sample of neurons significantly increased firing ( Figures 7E and 7F) , we did observe an equal subset (42.8%) that decreased firing rate during photostimulation ( Figure 7H ). In cases where the firing rate increased, the mean latency to fire was 344.6 ms, suggesting a neuromodulatory influence ( Figures 7F and 7G) . Likewise, in cases where the firing rate decreased, the mean latency to fire was 360.0 ms ( Figures 7H and 7I ). Similar to direct LC-NE photostimulation ( Figure 2J ), we also observed that the increasing firing rates to Crh-Cre CeA-LC:ChR2 photostimulation are correlated (r = 0.70, p < 0.0001) to the baseline state of each neuron, indicating that some LC neurons are more excitable by this projection than others ( Figure 7J ). This observed increase in firing following either stress or exogenous application of CRH is consistent with other reports (Curtis et al., 1997; Jedema and Grace, 2004; Page and Abercrombie, 1999) . However, the slow onset of firing following photostimulation suggested that we did not observe any synaptically mediated events. To further test for direct, monosynaptic events, we made slice recordings of 35 LC neurons from four mice. While each slice exhibited dense ChR2 + axonal innervation of the LC (data not shown but similar to Figure 6M ), we never observed any GABA-A inhibitory postsynaptic currents (IPSCs) or AMPA excitatory postsynaptic currents (EPSCs) at a variety of pulse paradigms (10, 20, 50, and 100 Hz) ( Figures 7K-7M ). While we cannot definitively conclude that there are no direct, fast monosynaptic connections in this projection, these data suggest that the CeA projection mediates action in the LC through either slower neuromodulatory action or a more complex polysynaptic microcircuit.
Stimulation of CRH + CeA Terminals in the LC Is Aversive and Anxiogenic
We next assessed whether stimulation of these CRH + CeA terminals would drive similar behavioral profiles to direct LC-NE stimulation or stress alone. In these experiments, we used (1) CTB (2) CTB (1) eYFP ( 
Crh-Cre
CeA-LC:ChR2 and Crh-Cre CeA-LC:eYFP animals with fiber optic implants over the LC ( Figure 8A ). Using the same stimulation procedure we used during in vivo recordings (10 Hz, 10-ms pulse width), we first observed that photostimulation of CeA-LC CRH + terminals conditions a place aversion in Crh-Cre
CeA-LC:ChR2 compared to Crh-Cre CeA-LC:eYFP controls ( Figures 8B-8D ).
We next determined whether this stimulation was sufficient to induce anxiety-like behaviors in the EZM ( Figure 8E ). In CrhCre CeA-LC:ChR2 animals, acute photostimulation produced significant anxiety-like behavior compared to Crh-Cre CeA-LC:eYFP controls ( Figure 8F ; Figures S7B and S7C) . Importantly, when we locally antagonized CRHRs directly in the LC prior to photostimulation (a-helical CRF 1 mg, intra-LC) this effect was completely reversed, unmasking an anxiolytic phenotype compared to fluorophore-only-expressing antagonist controls, suggesting that CRH release from CeA-LC terminals is the substrate responsible for the photostimulation-induced anxiety-like behavior ( Figure 8F ; Figures S7B and S7C) . Furthermore, systemic antagonism of CRHR1 (antalarmin HCl, 10 mg/kg, i.p.) prior to photostimulation of Crh-Cre CeA-LC:ChR2 animals prevented the induced anxiety-like behavior ( Figure 8G ). These results suggest that the CRH + projection from the CeA to the LC carries both an aversive and anxiogenic component mediated through CRH + activation of CRHR1 in the LC.
DISCUSSION
The LC-NE system has long been implicated as a key mediator of the central stress response (Koob, 1999) . Observational electrophysiological studies across many species identified that LC-NE neurons respond vigorously to stress, and behavioral pharmacology has revealed a potential role for endogenous CRH in this response (Bingham et al., 2011; Cassens et al., 1981; Curtis et al., 1997 Curtis et al., , 2012 Francis et al., 1999; Jedema and Grace, 2004; Page and Abercrombie, 1999; Reyes et al., 2008; Snyder et al., 2012; Valentino et al., 1991; Valentino and Foote, 1988; Valentino and Van Bockstaele, 2008 ). Here we report that activity of LC-NE neurons is required to elicit acute stress-induced anxiety.
Furthermore, selectively increasing the firing of LC-NE neurons is itself anxiogenic in the absence of stress and can inform future behavior through learned association. Finally, optogenetic stimulation of CRH + CeA terminals into the LC replicates the acute anxiogenic and aversive behavioral state of direct LC-NE high tonic stimulation ( Figure 8H ). LC Activity during Stress Is Necessary for Acute StressInduced Anxiety NE tone is important for processing stressful stimuli, encoding fearful events, and deciphering threatening versus non-threatening signals (Aston-Jones et al., 1999; Neophytou et al., 2001; Passerin et al., 2000; Snyder et al., 2012) . The findings here that LC-NE activity is required to transmit this information and produce stress-induced anxiety-like behavior extends our understanding of the LC in stress and the fight-or-flight response. Interestingly, inhibition of the LC-NE system without stress did not affect baseline anxiety levels, suggesting that less LC activity is not necessarily anxiolytic. Furthermore, inhibiting LC-NE neurons during stress did not prevent other physiological readouts of stress, such as gastrointestinal motility. Future work will need to determine whether other stress-induced behaviors, such as drug reinstatement and analgesia (Bannister et al., 2009; Al-Hasani et al., 2013; Hickey et al., 2014; Shaham et al., 2000) , require increased LC-NE activity.
The chemogenetic inhibition approach used here is temporally restricted due to the kinetics of CNO activity and neuromodulatory effects of DREADDs. We used this approach so as to be agnostic to the timing of the stress-induced activity to capture the period of intense restraint-induced stress as well as the assay-evoked stress inherent in tests of anxiety-like behavior. However, it is not possible to precisely determine when it would be crucial to inhibit LC-NE activity to prevent stress-induced anxiety. Future studies using optogenetic inhibition during either stress or anxiety testing will be needed to ascertain the temporal dynamics of this system. Furthermore, the chemogenetic approach appeared to suppress LC-NE activity below baseline, indicating that some baseline LC-NE activity might be necessary for stress-induced anxiety. However, we do not believe this to be the case given that suppressing LC-NE in unstressed animals did not alter baseline anxiety-like behavior. Additionally, it is possible that only a subset of LC-NE neurons are required for stress-induced anxiety, and previous studies have indicated that the dorsal-ventral axis of the LC has diverse actions (Hickey et al., 2014) . Further study is needed to elucidate whether the microanatomy and local neural circuits within the LC play an important role in stress-induced anxiety.
High-Tonic LC-NE Neuronal Activity Can Initiate Anxiety-like and Aversive Behaviors Recent studies have used optogenetics for binary control of acute anxiety (Felix-Ortiz et al., 2013; Heydendael et al., 2014; Jennings et al., 2013; Kheirbek et al., 2013; Kim et al., 2013a Kim et al., , 2013b Tye et al., 2011) . These limbic circuits and their projections into the mesolimbic dopamine system have demonstrated rapid onset and offset of anxiety likely mediated by small molecule neurotransmission. Here we demonstrate persistent anxiety-like behavior generated by increasing the tonic activity of the neuromodulatory LC-NE system prior to anxiety testing (similar in timescale to restraint stress) as well as acute anxiety during increased LC-NE activity (control of assay-evoked anxiety). While this activity generates anxiety on a short timescale (seconds to minutes), it is unlikely that the immediate (subsecond timescale) result of high-tonic activity is anxiety. Rather, it is plausible that the LC serves to integrate information from numerous forebrain and sensory inputs, and, over time, the persistent high-tonic state feeds forward onto previously established anxiety circuits, serving to adjust the gain on these downstream systems to ultimately drive anxiety (Koob, 1999) . The amygdala and extended amygdala are candidate regions where feedforward, gain modulation could exist, as there are reciprocal connections between the LC and divisions of the amygdala (Bouret et al., 2003; Buffalari and Grace, 2007;  Figure S7D) . Importantly, this model of LC modulation of anxiety circuitry is likely an endogenous mechanism given that the removal of the LC-NE system prevents stress-induced anxiety.
The same optogenetic manipulation that incites anxiety also elicits aversive behaviors. These findings suggest that higher tonic frequencies potentially produce anxiety through negative affect. While it is generally thought that anxiety and aversion are both negative affective states, the two behavioral outputs can be neurobiologically distinct (Kim et al., 2013a; Land et al., 2008 ). This appears to be the case with the LC system. The anxiety-like and real-time aversive components of these behaviors appear to be mediated by different receptor systems (anxietylike behavior through b-adrenergic receptors and real-time aversion through a1-adrenergic receptors). A circuit-based mechanism for this segregation remains to be determined.
CRH
+ CeA-LC Terminals Increase Activity and Drive Anxiety through CRFR1 Activation Anatomical studies first identified the projection from the CeA to the LC (Van Bockstaele et al., 1996 , and recent work has defined these projections to suggest that CeA-LC projections are potentially glutamatergic and carry the neuropeptides dynorphin and CRH (Reyes et al., 2008) . Importantly, CRH + CeA neurons have been shown to be a part of the protein kinase C d À subpopulation of CeA neurons recently shown to be distinct from CeA neurons involved in conditioned fear and food consumption (Cai et al., 2014; Haubensak et al., 2010) . This CRH + projection into the LC has been of particular interest as a source of extrahypothalamic CRH that increases tonic LC firing during stress. The overall population of recorded LC neurons increases tonic firing during photostimulation of CRH + CeA-LC terminals, yet we did observe a complex array of responses. The diversity of responses could represent anatomical differentiation of LC neurons. It is possible that non-responding neurons do not receive innervation from the CeA or the local polysynaptic partners, and the difference in responses could be explained by varied expression of cell-surface receptors on postsynaptic neurons. While the literature shows monosynaptic connections exist in this circuit (Reyes et al., 2008) , none of our slice physiology or in vivo data suggest any fast-acting neurotransmission. While this could be due to the potential for selection bias inherent in in vivo recordings or an artifact of slower acting neuropeptide/ G protein-coupled receptor-mediated transmission, we cannot rule out a polysynaptic mechanism. It is important to note that spatially isolated photostimulation of these terminals in the LC recapitulates the aversion and anxiety-like behaviors observed with both stress and direct LC photostimulation. Furthermore, the anxiety-like behavior can be reversed by either systemic or local antagonism of CRHR1 in the LC, suggesting that photostimulation-induced release of CRH mediates these behaviors through action in or very near the LC. While these experiments do not explicitly control for possible optogenetically induced backpropagating action potentials, the anxiogenic to anxiolytic reversal by local CRHR1 blockade suggests the the LC is likely a critical site of action for these behaviors.
Understanding how the vast efferent projection network of the LC facilitates anxiogenesis will be an important next step. We suspect that particular efferent LC-NE projections onto particular postsynaptic receptors likely mediate the observed behavioral outcomes. For example, the LC projects into the lateral septum (LS) and the basolateral amygdala, both of which play key roles in the regulation of stress and anxiety-like behaviors Felix-Ortiz et al., 2013; Tye et al., 2011) . While the role of LS neurons in prolonged stress-induced anxiety has been demonstrated clearly , future work is needed to investigate whether known LC inputs into the LS (Risold and Swanson, 1997) modulate this system to produce prolonged anxiety. Additionally, the LC has many known projections to other anxiogenic centers, such as the basolateral amygdala and reciprocal projections back to the CeA (Bouret et al., 2003; Buffalari and Grace, 2007) , meriting similar investigation ( Figure S7D ). This circuit-based theory of LC function provides a framework toward understanding other LC functions including attention and arousal.
We report here that stress-induced increases in LC activity are critical for anxiety-like behavior, affirming the LC-NE system as a key mediator of the acute behavioral stress response. Taken together, this study provides a fundamental framework for understanding the mammalian brain circuitry responsible for the innate anxiety response.
EXPERIMENTAL PROCEDURES
Additional detailed methods are provided in the Supplemental Experimental Procedures. ) male C57BL/6J, TH-IRES-Cre, Crh-IRES-Cre, and Gal-Cre mice were group-housed, given access to food pellets and water ad libitum, and maintained on a 12:12-hr light/dark cycle (lights on at 7:00 a.m.). All procedures were approved by the Animal Care and Use Committee of Washington University and conformed to NIH guidelines. For surgery, animals were anaesthetized in an induction chamber (4% isolflurane) and placed in a stereotaxic frame where they were maintained at 1%-2% isoflurane. Mice were injected with AAV5-DIO-HM4Di, AAV5-DIO-ChR2 or AAV5-DIO-eYFP, Fluorogold, or CTB-594 unilaterally into the LC (coordinates from bregma: À5.45 anterior-posterior [AP], ±1.25 medial-lateral [ML] , and À4.00 mm dorsalventral [DV]) or the CeA (À1.25 AP, ±2.75 ML, and À4.75 DV). Mice were then implanted with metal cannula or fiber optic implants (adjusted from viral injection 0.00 AP, ±0.25 ML, and +1.00 DV) (Carter et al., 2010) .
Experimental Subjects and Stereotaxic Surgery
Immunohistochemistry
Immunohistochemistry was performed as previously described (Al-Hasani et al., 2013; Kim et al., 2013b) .
Behavior
All behaviors were performed within a sound-attenuated room maintained at 23 C at least 1 week after habituation to the holding room and the final surgery. Lighting was stabilized at $250 lux for anxiety-like behaviors and at $1,500 lux for aversion behaviors. Movements were video recorded and analyzed using Ethovision 8.5 (Noldus Information Technologies, RRID: rid_000100).
Stress-Induced Anxiety Paradigm
Mice were immobilized in modified disposable conical tubes once for 30 min and were then immediately transferred to the open field. For the hM4Di experiments, mice were injected with CNO (10 mg/kg, i.p., 30 min prior to restraint) (Vazey and Aston-Jones, 2014) . For the CRF antagonism experiment, mice were injected with antalarmin HCl (10 mg/kg, i.p., 30 min prior to restraint).
OFT
The OFT was performed in a 2,500 cm 2 enclosure for 20 min (stress-induced or pre-stimulation experiments); the center was defined as a square of 50% of the total OFT area. For acute optogenetic experiments, Th-Cre LC:ChR2 or
Th-Cre LC:eYFP mice were allowed to roam for 21 min. Photostimulation alternated off and on (5 Hz, 10-ms width, $10-mW light power) in 3-min bins.
EZM
The EZM testing was performed as described previously (Bruchas et al., 2009; Kim et al., 2013b) . Th-Cre animals received 5 Hz (10-ms width) and Crh-Cre animals received 10 Hz (10-ms width) photostimulation ($10-mW light power). For the CRFR1 antagonism experiments, mice were infused into the LC with a-helical CRF (1 mg, intra-LC, 1 hr prior to behavior; Tocris) or antalarmin HCl (10 mg/kg, i.p., 30 min prior to behavior; Sigma).
Conditioned Place Aversion
Mice were trained in an unbiased, balanced three-compartment conditioning apparatus as described previously (Bruchas et al., 2009; Al-Hasani et al., 2013; Land et al., 2008) .
Real-Time Place Testing
Animals were placed in a custom-made unbiased, balanced two-compartment conditioning apparatus (52.5 3 25.5 3 25.5 cm) as described previously (Siuda et al., 2015) . During a 20-min trial, entry into one compartment triggered photostimulation of various frequencies (0, 1, 2, 5, 10 Hz, etc.) while the animal remained in the light-paired chamber, and entry into the other chamber ended photostimulation.
Slice Electrophysiology
Following anesthesia, horizontal midbrain slices containing the LC (240 mm) were cut in ice-cold cutting solution and incubated post-cutting at 35 C in oxygenated ACSF solution with 10 mM MK-801 for 45 min before recording. Following incubation, slices were placed in a recording chamber and perfused with ACSF (34 ± 2 C) containing 100 mM picrotoxin, 10 mM DNQX, and 1 mM idazoxan at 2 ml/min. Whole-cell current-clamp recordings were made as described previously (Courtney and Ford, 2014) . Wide-field activation of ChR2 was activated with collimated light from an LED (470 nm, $1 mW) through the 403 water immersion objective. Patch pipettes (1.5-2 MW) were pulled from borosilicate glass (World Precision Instruments). To examine synaptic events driven by optogenetic stimulation (3-ms pulses) of CRH terminals in the LC, recordings were made in the absence of synaptic receptor antagonists. To confirm that photostimulation of terminals arising from the CeA did not evoke measurable synaptic events, recordings also were made in a subset of trials (n = 5) in the presence of TTX (500 nM), 4-AP (100 mM), and antalarmin (10 mM). All solutions can be found in the Supplemental Experimental Procedures.
In Vivo Electrophysiology A 16-channel array (35-mm tungsten wires, 150-mm spacing between wires, 150-mm spacing between rows; Innovative Physiology) was epoxied to a fiber optic and lowered into the LC of lightly (<1% isoflurane) anesthetized ThCre LC:ChR2 or Crh-Cre CeA-LC:ChR2 animals. Voltages from each electrode were bandpass-filtered with activity between 250 and 8,000 Hz analyzed as spikes. LC cells were selected based on stereotaxic position, baseline activity, and toe pinch response. The signal was amplified and digitally converted (Omniplex and PlexControl, Plexon), and spikes were sorted using principal component analysis and/or evaluation of t-distribution with expectation maximization (Offline sorter, Plexon). Sorted units were analyzed with NeuroExplorer 3.0 (RRID: nif-0000-10382) and timestamps were exported for further analysis in Microsoft Excel and MATLAB 7.12 (RRID: nlx_153890).
Data Analysis/Statistics
All data are expressed as mean ± SEM. In data that were normally distributed, differences between groups were determined using independent t tests or one-way ANOVA, or two-way ANOVAs followed by post hoc comparisons if the main effect was significant at p < 0.05. In cases where data failed the D'Agostino and Pearson omnibus normality test, non-parametric analyses were used. Statistical analyses were conducted using Prism 5.0 (GraphPad). 
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